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Our understanding of the plasmamembrane, once viewed simply as a static barrier, has been revo-
lutionized to encompass a complex, dynamic organelle that integrates the cell with its extracellular
environment. Here, we discuss how bidirectional signaling across the plasma membrane is
achieved by striking a delicate balance between restriction and propagation of information over
different scales of time and space and how underlying dynamic mechanisms give rise to rich,
context-dependent signaling responses. In this Review, we show how computer simulations can
generate counterintuitive predictions about the spatial organization of these complex processes.The Plasma Membrane: A Dynamic Barrier
Biological systems operate within a carefully tailored balance of
opposing tendencies, favoring one or the other in response to
internal and external cues. Such duality between robustness
and adaptability or between exploration of possibilities and
commitment to a decision, for example, permeates every level
of organization. The function of the plasma membrane is an
excellent example of this duality, as it defines the cell by isolating
it from the extracellular environment while at the same time inte-
grating the cell with its surroundings by transferring messenger
molecules or initiating reaction cascades within it. Isolation
versus communication is therefore the precarious balance that
the plasma membrane must continuously maintain, separating
the outside from the inside while presenting each a representa-
tion of the other. To the inside, the plasma membrane summa-
rizes the cell’s ‘‘social’’ context while projecting the cell’s state
to the outside. For this reason, plasma membrane function is
fundamental not only to keep a single cell alive, but also to main-
tain its proper behavior in the organismal collective.
The plasma membrane is composed of a bilayer of lipids and
incorporated proteins, whose interactions as an ensemble
enable it to receive, remember, process, and relay information
along and across it. These interactions form a signal transduc-
tion hierarchy of interconnected time- and lengthscales bridging
more than three orders of magnitude, from nanometer-sized
proteins to the micrometer scale of the cell. Within each level
of the hierarchy, the lengthscales (how far information will
spread) are coupled with the timescales (how fast information
will spread) through underlying physical-chemical mechanisms
such as free diffusion, reaction-diffusion, or active transport.
In its most primitive state, the plasma membrane forms
a spherical shell, 5 nm thick, and is permeable only to small
nonpolar molecules such as oxygen and nitrogen. In a water-
based environment, lipids shield their hydrophobic tails from
the surrounding polar fluid, exposing their more hydrophilic
heads. This arrangement minimizes the free energy of thewater-lipid system and therefore occurs spontaneously. This
property of self-assembly provided a convenient evolutionary
path for the generation of a relatively stable supramolecular
structure that shields its contents from the dissipative effects
of diffusion (Griffiths, 2007). However, the plasma membrane
of the modern cell is not a static, self-assembled system but is
continuously renewed to preserve its nonequilibrium state. For
example, its lipid composition is dynamically maintained by
a combination of lipid synthesis and chemical conversion, vesic-
ular fusion and fission events that tie into intracellular transport
and sorting processes (van Meer et al., 2008). The lipids, which
were previously thought to serve only a structural function, are
themselves subject to chemical modification and can thereby
relay signals. The resulting axial and lateral asymmetry of the
membrane can be rapidly modulated to allow for bidirectional
information transfer.
Lipids also provide a fluid matrix in which proteins reside and
diffuse laterally (Zimmerberg and Gawrisch, 2006). These
membrane proteins, which represent more than 50% of the
cross-sectional area of the membrane in some cell types (Jan-
mey and Kinnunen, 2006), provide the machinery for most of
the plasma membrane’s dynamic properties. In addition to
structural and sensory functions, they mediate matter exchange
with the environment, enabling the membrane to actively and
passively regulate transport of substances across it, even
against a concentration gradient. This, for example, can
generate ion gradients across the membrane that have impor-
tant physiological functions such as water homeostasis and
electrical excitability.
Experimental work with model lipid membranes has neverthe-
less been one of the main sources of quantitative information
about the physical properties of lipid bilayers (Janmey and Kin-
nunen, 2006). Biophysical parameters such as rigidity, tension,
spontaneous curvature, and elastic moduli have thus been
determined as a function of temperature, hydration, and lipid
composition. Such model membranes clearly lack the dynamicCell 144, March 18, 2011 ª2011 Elsevier Inc. 897
features of their real-life equivalents. For example, lipid compo-
sition is generally symmetrical in model membranes (Devaux and
Morris, 2004), and phenomena such as membrane coupling to
the cytoskeleton (Kwik et al., 2003) are difficult to reproduce
in vitro.
Almost 40 years have passed since Singer and Nicholson
wrote their seminal work detailing the fluid mosaic model of
the plasma membrane (Singer and Nicolson, 1972). In this
work, which elegantly integrated the experimental and theoret-
ical knowledge of the time, the authors stated:
Biological membranes play a crucial role in almost all
cellular phenomena, yet our understanding of the molec-
ular organization of membranes is still rudimentary. Expe-
rience has taught us, however, that in order to achieve
a satisfactory understanding of how any biological system
functions, the detailed molecular composition and struc-
ture of that system must be known.
In spite of the enormous amount of knowledge about the
structure and composition of the plasma membrane gathered
in recent decades, our understanding of it can still be considered
‘‘rudimentary’’ in light of the complexity of its dynamics that have
become apparent since then. A major challenge will therefore be
to animate our rather static view of the plasma membrane by
bringing our model membrane systems to life in the test tube.
Here, we will discuss the impact that the dynamic, ‘‘living’’
membrane has on cellular information processing. From the
extensive range of research available, we focus on examples
that represent canonical mechanisms to constrain information
within the cell, relying on the plasmamembrane as a dynamically
maintained supramolecular structure.
Signaling across a Dynamic Barrier: The Lateral
Dimension
The bidirectional transduction of signals by the plasma
membrane is modulated by its state, and the cell’s historical
context therefore determines its response to incoming signals.
However, incoming signals also modify the state of the
membrane, and in this way, the transducing medium becomes
the message. How fast and to what extent this signal is propa-
gated across the membrane must be tightly regulated to allow
information to spread on a scale that is relevant to the biological
process while preventing spurious responses. This requires
a balance between responding to an actual signal and resisting
spurious events induced by noise, a feat that is achieved by par-
titioning the plasma membrane into domains that span several
time- and lengthscales, corresponding to the dimensions at
which the biological processes operate.
The largest partitions of the plasma membrane occur at
a micrometer scale. For example, the partitioning of epithelial
cells into apical and basolateral domains generates a cellular
polarity that enables transcytotic vectorial transport between
two distinct extracellular environments (Mellman and Nelson,
2008; Rodriguez-Boulan et al., 2005; van der Wouden et al.,
2003). This polarity is established and maintained from yeast to
mammals by the PAR (partitioning defective)/protein kinase C
system that amplifies a RHO family G protein (CDC42)-mediated
polarity cue (Suzuki and Ohno, 2006). The resulting apical and898 Cell 144, March 18, 2011 ª2011 Elsevier Inc.basolateral domains maintain their different lipid and protein
compositions dynamically through the life cycle of the cell
(Muth and Caplan, 2003; Simons and van Meer, 1988). The living
plasma membrane, together with PAR proteins, forms a self-
referencing system that establishes polarity by mechanochemi-
cally restructuring the cell.
Though such a coarse-grained partitioning provides the cell
with a stable polarized structure on a timescale of days, it does
not supply a sufficiently rapid responsemechanism that is appro-
priate for localized cues such as those that occur during chemo-
taxis, for which a short-term, fine-grained spatial memory is
needed. In model membranes, protein diffusion is fast enough
(Dz5 mm2/s) to equilibrate acrossmicronswithin seconds (Ram-
adurai et al., 2010). Under these conditions, localized signals
such as activated receptors would redistribute across an area
equivalent to the cell surface in a few minutes. In such homoge-
neous membrane systems, the diffusion coefficient scales loga-
rithmically with the inverse of the diffusant radius (Saffman and
Delbru¨ck, 1975). This implies that slowing downdiffusion through
oligomerization of receptors is not enough to constrain mobility.
For example, an oligomer of a hundred monomers will diffuse at
only half the speed of amonomer. Therefore, diffusion of proteins
must be contained in order to maintain spatial memory with
micrometer precision over a timescale of minutes.
Single-molecule experiments have shown that the plasma
membrane is partitioned into 50–300 nm wide domains by the
combined action of actin-based membrane skeleton ‘‘fences’’
and anchored-transmembrane protein ‘‘pickets’’ (Kusumi and
Sako, 1996). Within these membrane domains, proteins and
lipids are highly mobile, with nanoscopic diffusion coefficients
in the order of those measured for model membranes (Kusumi
et al., 2005). The hopping of signaling proteins across the fences
occurs with low probability and thereby becomes the rate-
limiting factor in lateral information transfer. In contrast to diffu-
sion, the hopping rate is strongly dependent on the size of
proteins, and therefore ligand-induced oligomerization of acti-
vated receptors traps the signal within these domains (Nelson
et al., 1999). Such oligomerization-induced trapping thus
provides a mechanism for the maintenance of spatial memory.
Conversely, the confinement of monomers due to their low
hopping rate facilitates oligomerization within domains. These
domains can be considered as well-mixed protein reaction
vessels because the time needed to diffuse through them is
two orders of magnitude smaller (150 ms) than the residence
time within them (15 ms) (Kusumi et al., 2005). Compartmentali-
zation therefore increases the rate of interaction between recep-
tors. This has important implications for proteins such as the
epidermal growth factor receptor (EGFR), which can oligomerize
even in the absence of ligand. In cells expressing moderate
numbers of EGFR molecules such as BAF/3 or COS7 (5 3 104
receptors/cell), the number of receptors per membrane domain,
and therefore the degree of receptor clustering, will be low (2–3
receptors per cluster, consistent with the observations of
Clayton et al. [2005]). However, in cancer cell lines that express
abnormally high levels of EGFR such as A431 (23 106 receptors/
cell), the average size of transient clusters will be much higher
(10–15 receptors per cluster, consistent with the observation of
Zidovetzki et al. [1981]) (Figure 1A). These preformed clusters
Figure 1. Mechanisms Regulating Lateral Signaling across the Plasma Membrane
(A) The reactivity of the plasmamembrane is modulated by spatial constraints. Schematic depiction of receptor tyrosine kinase density in cytoskeleton-mediated
membrane domains (top) and corresponding distributions (bottom) for different amounts of receptor per cell (N).
(B) A bistable system generated by a receptor tyrosine kinase that inhibits its own inhibitory protein tyrosine phosphatase. Two-dimensional time evolution of
membrane-bound receptor activation after an initial local point activation shows spreading of the signal.
(C) A Turing system generated by a receptor tyrosine kinase that activates its own inhibitory protein tyrosine phosphatase. Two-dimensional time evolution after
global stimulation shows the generation of kinase activity hot spots in the plasma membrane.have a profound impact on the propagation of receptor signals,
as they spatially modulate the basal activity and reactivity of the
plasma membrane.
On amechanistic level, the transmission of signals by receptor
tyrosine kinases (RTKs) such as EGFR is relatively well under-stood. Binding of the cognate ligand to a receptor promotes their
dimerization and thereby enables their phosphorylation in trans
via their intrinsic tyrosine kinase activity (Lemmon and Schles-
singer, 2010). The resulting phosphorylated tyrosine residues,
exposed to the cytoplasm, act as docking sites for proteinsCell 144, March 18, 2011 ª2011 Elsevier Inc. 899
that contain specialized domains, such as SH2 or PTB domains
(Lim and Pawson, 2010). Their recruitment induces allosteric
changes in enzymatic activity or binding affinity on another
module of the docked molecule, conveying signals deeper into
the cytoplasm (Deribe et al., 2010). However, though these
sequences of reaction events provide insight into how signals
are transferred across the membrane into the cell, they do not
provide information on how these signals are regulated in space
and time. To achieve this, we must consider the collective
behavior of the ensemble of signaling molecules in the plasma
membrane that have an influence on receptor phosphorylation
state. Even at a low hopping rate of clustered receptors, the
basal kinase activity of RTKs will eventually result in their full
phosphorylation in the absence of a countering phosphatase
activity (Reynolds et al., 2003). The degree of receptor phosphor-
ylation within the plasma membrane is therefore determined by
a continuous cycle of phosphorylation and dephosphorylation.
Growth factor binding increases the amount of phosphorylated
receptors by shifting the kinase-phosphatase balance in favor
of the kinase.
Though membrane-tethered and cytosolic proteins that are
activated by receptors but not confined to the domains might
propagate signals, their rather slow microscopic diffusion is
incompatible with the timescales of minutes observed for such
phenomena (Tischer and Bastiaens, 2003). Small molecule
second messengers, such as calcium or reactive oxygen
species (ROS), like hydrogen peroxide, have much larger diffu-
sion coefficients, thereby propagating information via diffusion
more quickly. Previously seen as a reaction by-product that
causes oxidative stress, hydrogen peroxide has gained
increasing interest as a mediator in signaling (Rhee, 2006).
Hydrogen peroxide is produced from the dismutation of
superoxide generated by enzyme systems such as NAPDH
oxidase (NOX) (Brown and Griendling, 2009). Seven NOX cata-
lytic subunits have been identified (NOX1, NOX2, NOX3,
NOX4, NOX5, DUOX1, and DUOX2) that generate superoxide
by transferring an electron from NADPH to molecular oxygen.
The best-characterized NADPH oxidase, phagocytic NOX2, is
a multisubunit enzyme complex with both transmembrane and
cytosolic components. Upon stimulation, the cytosolic subunits
are translocated to the membrane to bind the membrane-
associated components, leading to activation of the NADPH
oxidase complex. This activation process is triggered by growth
factor receptor activation through the phosphorylation of two
cytoplasmic subunits, P47PHOX and P67PHOX, and the conver-
sion of GDP-bound RAC1 into GTP-bound forms through the
activation of a RAC guanine nucleotide exchange factor (GEF)
(Finkel, 2006). RAC GEFs such as bPIX are recruited via their
pleckstrin homology domain, and the resulting increase in RAC
activity is presumed to stimulate NOX directly (Finkel, 2006).
Importantly, NOX enzymes produce superoxide on the outer
leaflet of the plasma membrane, after which it dismutates to
hydrogen peroxide and diffuses back into the cell (Rhee, 2006).
Hydrogen peroxide has been shown to inactivate PTPs such
as PTP1B by reversible oxidation of a reactive cysteine in the
catalytic cleft (Janssen-Heininger et al., 2008). The hydrogen
peroxide-mediated coupling of RTK activation with PTP inhibi-
tion (Lee et al., 1998) therefore exemplifies a double-negative900 Cell 144, March 18, 2011 ª2011 Elsevier Inc.feedback loop, which together with the autocatalytic kinase
activity of the receptor, results in a bistable system (Reynolds
et al., 2003; Tischer and Bastiaens, 2003). This reaction network
effectively operates in a nanoenvironment that is local to the
activated receptor due to the short half-life of intracellular
ROS, which are the target of very efficient antioxidant enzymes
such as peroxiredoxin I (PRXI) (Woo et al., 2010). Although
spatially constrained, the presence of ROS can still lower
the excitation threshold of neighboring, inactive receptors.
Receptor density then becomes the key to trigger a domino-
like rapid propagation of activity at long range, whereby the
RTK/PTP/H2O2 system acts as an excitable medium (Figure 1B)
(Reynolds et al., 2003).
This global activation initiated by a local source is only
possible due to the tight coupling between reaction components
that have opposing activities. Insight into the nature of such
coupling is required to predict the spatial outcome of reaction
diffusion systems. Consider the case of activated, phosphory-
lated RTKs that can activate their own inhibitors such as the
PTP SHP1. Here, phosphotyrosines on the activated RTK bind
SHP1 via its SH2 domain, which allosterically activates the phos-
phatase. Phosphorylation of SHP1 by the RTK then locks it into
the active state, irrespective of binding to the RTK (Frank et al.,
2004; Uchida et al., 1994). In spite of the high similarity with
the excitable media network structure discussed above, the
spatial outcome is exactly the opposite, as it focuses global acti-
vation into local hot spots (Figure 1C). The theoretical basis for
the emergence of such large-scale patterns from random local
fluctuations was proposed by Turing in 1952 (Turing, 1952).
In addition to cell-wide and submicroscopic domains with life-
times ranging from days to seconds, even smaller (nanometer
scale), shorter-lived (subsecond) domains have been proposed
to transiently confine membrane proteins (Simons and Ikonen,
1997). These high-viscosity patches composed of cholesterol
and glycosphingolipid are known as lipid rafts and have been
shown to have an important role as labile platforms to which
signaling components are recruited, favoring their interaction
(Harding andHancock, 2008).We refer the reader to some excel-
lent recent reviews for more information about this extensive
topic (Lingwood and Simons, 2010) that goes beyond the scope
of this Review.
Signaling across a Dynamic Barrier: The Axial
Dimension
Axial signal propagation into the cytoplasm by phosphorylation
of soluble substrates, like lateral signal propagation, is also
tightly controlled by reaction-diffusion systems that generate
a local environment of activated substrates. For example, trans-
fer of growth factor signals from RTKs in the plasma membrane
to soluble substrates in the cytoplasm also depends on cyclic
reaction-diffusion systems of opposing tyrosine kinase/phos-
phatase activities. However, the catalytic activity of fully active
PTPs is up to three orders of magnitude higher than that of tyro-
sine kinases (Fischer et al., 1991), which would preclude the
effective transfer of growth factor signals via phosphorylation
in the cytoplasm. On the other hand, the absence of PTP activity
near the plasma membrane would allow spurious signals to be
transmitted in the cell. The solution to this dilemma is the
Figure 2. H2O2-Dependent Regulation of Signal Penetration in the
Cytoplasm
(A) Schematic representation of a double-negative kinase phosphatase
feedback system that regulates substrate phosphorylation. Receptor tyrosine
kinases (RTKs), their phosphatases (PTPs), and their substrates (S), such as
PRXI, are present in two states. Conversion between states is denoted by
curved arrows; mediation of conversion, straight arrows. Phosphorylated
species are denoted by subscript p; active species, subscript a; inactive,
subscript i. In case of PRXI, the phosphorylated state is the inactive state.
Phosphorylation of the receptor mediates extracellular H2O2 production via
recruited NOX, and active PRXI reduces H2O2.
(B) Computer simulation of diffusion and reaction of substances as detailed in
(A) with a cellular automaton approach. Simulations were performed in the
presence (left) or absence (right) of PRXI regulation. Lateral and axial
concentration profile 50 ms (first row) and 170 ms (second row) after ligand
binding to a receptor tyrosine kinase at the membrane, separating the cytosolmembrane-proximal, partial inactivation of PTPs by oxidation of
the catalytic cysteine with hydrogen peroxide that is produced
by NOX as outlined above. The reducing activity of the cyto-
plasm (sink) together with the source of hydrogen peroxide
production at the plasma membrane generates a hydrogen
peroxide gradient in the cytoplasm in which PTP activity is
strongly reduced near the membrane. Thus, signal penetration
via tyrosine phosphorylation is ultimately a self-referencing
system in which tyrosine phosphorylation depends on the
magnitude of the hydrogen peroxide gradient, which in turn
depends on the balance between RTK and PTP activities.
The extent of feedback in this system became even more
apparent with the recent identification of PRXI as a major
reducing agent that controls hydrogen peroxide levels in the
cytoplasm (Woo et al., 2010). Importantly, its activity is inhibited
by phosphorylation mediated by membrane-bound Src on tyro-
sine 194, thereby generating a local positive feedback loop
around activated RTKs. We might therefore expect that the re-
sulting, more extended downregulation of PTP activity in the
cytoplasm allowsmore efficient penetration of signals via soluble
phosphorylated substrates of the RTKs into the cytoplasm. In
order to verify this intuition, we performed cellular automata
simulations (Markus et al., 1999) of this reaction diffusion system
using realistic parameters (Figure 2). In this simulation, we
tracked the spatial and temporal evolution of the reaction of
the RTK network described above following a ligand-binding
event. The outcome of the simulation showed that coupling of
PRXI activity to RTK activity has only a marginal effect on signal
penetration in the cytoplasm. The surprise was that the major
effect of this coupling was on the excitability of the receptor
system in the membrane, in that the excitation threshold is low-
ered. This demonstrates one of the underestimated values of
simulations, namely to guide our sometimes faulty intuitions
about dynamic processes.
Signaling is often perceived as the linear transfer of informa-
tion from the plasma membrane to the nucleus, where it regu-
lates the global state of the cell by modulating gene expression.
However, signaling from the plasma membrane can also
generate actively maintained local cytoplasmic states that can
act as morphogenetic cues through their effect on the cytoskel-
eton and membranes (Dehmelt and Bastiaens, 2010). How can
these local cytoplasmic states be generated? From a biochem-
ical perspective, transfer of information in the cytoplasm mostly
occurs via reversible enzymatic posttranslational modification orfrom the extracellular domain (black). (Third row) Lateral membrane receptor
phosphorylation levels. Coloring indicates the propagation in time of the high
levels of phosphorylated receptor across the membrane. The penetration of
phosphorylated substrate Sp is only marginally affected when PRXI is regu-
lated. However, the lateral speed ofmembrane signal propagation is increased
due to increased receptor reactivity. Parameters were chosen in accordance
with the literature, as available, and to preserve bistability of activation of RTK
in the membrane (Reynolds et al., 2003). Specifically: Dreceptor = 0.2 mm
2/s;
Dsubstrate = 10 mm
2/s; DROS = 100 mm
2/s; kPTP = 25 s
1; kRTK = 1 s
1; kNOX =
10 s1; kPRXIa = 100 s
1; kROS = 5 s
1.
(C) Axial concentration profile of Sp, H2O2, PTPp, and PRXIp. Blue curves
depict regulation of PRXI by RTK/PTP; green curves are in absence of PRXI
regulation, as in (B); red curves are in absence of PTP inactivation via H2O2 to
demonstrate the high impact of PTP regulation on the extent of substrate
phosphorylation.
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induced conformational changes of soluble proteins (Deribe
et al., 2010). Both types of changes are generally counteracted
by spontaneous or enzymatic reversion to the original state while
diffusion spreads the ‘‘activity’’ from its source. This can lead to
the formation of activity gradients if the source of information
transfer is localized to a supramolecular structure that is sur-
rounded by a sink where the reverse reaction occurs. For
example, as discussed above, a plasma membrane-bound
RTK as a source, together with a soluble cytosolic PTP as
a sink, can form a cyclic reaction by acting on a phosphorylat-
able, cytosolic substrate. This system induces a local ‘‘cyto-
plasmic state’’ (Niethammer et al., 2007) by generating
a membrane-proximal gradient of phosphorylated substrate
that extends into the cytoplasm. Such a phosphorylation
gradient emanating from the plasma membrane was, for
example, observed for the microtubule regulator stathmin/
OP18, locally switching off its microtubule destabilizing activity
and therefore enhancing microtubule density in the lamellipodia
of migrating cells (Niethammer et al., 2004).
The duality of containing and propagating signals from the
plasma membrane also becomes apparent in the gradient of
mitogen-activated protein kinase (MAPK) activity emanating
from the shmoo: a mating projection that occurs in response to
pheromone in budding yeast cells (Maeder et al., 2007). Here,
the MAPKK kinase (STE7), which phosphorylates MAPK (called
FUS3 in budding yeast), is localized to the plasma membrane
via interaction with the scaffold protein STE5. The sink in the
cytoplasm is provided by the homogenously distributed phos-
phatases PTP3 and MSG5. In order for this system to generate
a gradient, phosphorylation of FUS3 must decrease its affinity
for STE5 (van Drogen et al., 2001). This scaffold is itself recruited
to the membrane by interaction with the liberated bg subunits
(STE14/STE18) of a trimeric G protein after activation of the G
protein-coupled pheromone receptor STE2/3. Local plasma
membrane composition also regulates STE5 localization in that
phosphatidylinositol 4,5-bisphosphate is required in the shmoo
membrane for its targeting (Garrenton et al., 2010). The ensuing
local cytoplasmic state that contains active FUS3 proximal to the
plasmamembrane has been suggested tomaintain the structure
of the shmoo by local phosphorylation of the actin cable-
regulating formin, BNI1 (Matheos et al., 2004). However, the
dimension of the FUS3 gradient is extensive enough to reach
the nucleus of the small yeast cell, where active import causes
an enrichment of phosphorylated, active FUS3 (Maeder et al.,
2007). This gradient/nuclear import system thereby generates
two functional compartments with high levels of active FUS3.
In the shmoo, active FUS3 maintains the structure of the cyto-
skeleton, whereas in the nucleus, it affects gene expression.
To achieve this kind of dual purpose signaling in much larger
mammalian cells, the distance from the plasma membrane to
the nucleusmust be bridged while retainingmembrane-proximal
concentrations of phosphorylated substrates. Longer distances
can be covered by a cascade of coupled reaction cycles, which
generate secondary shallower gradients from primary steep
ones (Stelling and Kholodenko, 2009). The extent of this
secondary gradient system resolves the problem of signal pene-
tration but fails to provide an effective means of independently
generating both global (transcriptional) and local (morphoge-902 Cell 144, March 18, 2011 ª2011 Elsevier Inc.netic) signals. The latter can be achieved by scaffold proteins
recruiting source activities directly to the plasma membrane,
thereby locally constraining signaling. For example, by associ-
ating the source kinase MEK with its substrate ERK, the scaffold
KSR1 maintains a primary gradient of double-phosphorylated
ERK proximal to the plasma membrane, just as STE5 does in
yeast. How then is the duality between local and global signaling
resolved? By taking into account that scaffolds usually have
a lower concentration in the cell than their clients (Lee et al.,
2003; Maeder et al., 2007), it becomes clear that scaffold-
substrate coupling does not represent the totality of signaling
activity. Instead, it is part of a functional module that uses the
soluble building blocks of the canonical signaling pathway. The
localized functionality of this signaling subset is therefore distinct
from the canonical function of the soluble MAPK-signaling
pathway.
Which functions are then associated with the soluble part of
the pathway, and which are associated with the scaffold? One
possibility is that proliferative growth factor signals are trans-
mitted to the nucleus via a short-lived, secondary gradient in
the ‘‘soluble’’ MAPKmodule. Negative feedback loops observed
in the MAPK module could only occur in the soluble cytoplasmic
state and might account for the pulse-like MAPK response typi-
cally observed after proliferative growth factor signals such as
EGF (Marshall, 1995). One such well-known negative feedback
loop is the inhibitory phosphorylation of SOS by ERK (Buday
et al., 1995). The resulting pulse of MAPK activity is sensed in
the nucleus by mechanisms such as incoherent feed-forward
loops that operate as fold change detectors, thereby translating
relative activity changes into modified patterns of gene expres-
sion (Goentoro et al., 2009).
WhenMAPK signaling is restrained by a scaffold at the plasma
membrane, this negative feedback might be absent or changed
to positive feedback to allow for prolonged but membrane-prox-
imal signaling via ERK gradients. Such persistent cytoplasmic
signaling might affect the local state of the cytoskeleton to
induce and maintain specific morphologies. In agreement with
this notion, it was found that proliferative EGF stimulation leads
to transient ERK activity in both the nucleus and the cytoplasm
of MCF7 cells, whereas differentiating Heregulin stimulation
leads to sustained ERK activity in the cytoplasm and transient
activity in the nucleus (Nakakuki et al., 2010).
IntracellularMembranes: TheExtendedAxial Dimension
Based on the previous section, one could argue that cytoplasmic
signals that affect themorphology of the cell via the cytoskeleton
are mostly maintained in the proximity of the plasma membrane
by gradient-generating mechanisms, whereas nuclear signals
that propagate through the cytoplasm and affect gene expres-
sion are based on a temporal code. The endocytic system can
effectively extend the axial reach of plasma membrane signaling
deep into the cytoplasm by transferring the source of gradient-
generating systems to vesicles within the cytoplasm (Birtwistle
and Kholodenko, 2009). This allows signals to penetrate deeper
into the cytoplasm without necessarily affecting gene expres-
sion. The lateral and axial propagation of RTK signals emanating
from the plasma membrane need also to be acutely terminated
by removing and deactivating the RTK source of the signal in
order to avoid uncontrolled signal spread and to resensitize the
membrane for extracellular signals. Endocytosis of activated
receptors is one of the mechanisms for such a task (Wiley and
Burke, 2001). Though a comprehensive description of the endo-
cytic machinery is outside the scope of this Review, we would
like to discuss two functionalities of this system that are relevant
to our discussion of the regulation of signaling by the living
plasma membrane: the endosomal pathway that leads to lyso-
somal receptor degradation and endosomal-plasma membrane
recycling.
Depending on their type, activation state, and cellular context
(Le Roy andWrana, 2005), activated growth factor receptors are
trapped in clathrin-coated pits, caveolae, or both. For example,
EGFR internalization occurs mostly through clathrin-mediated
endocytosis activated by the ubiquitin ligase CBL within minutes
of ligand stimulation. A fraction of the activated RTKs (e.g., 30%
in case of EGFR) is targeted for degradation using the RAB7-
dependent degradative route from late endosomes throughmul-
tivesicular bodies (MVB) to lysosomes. The snare system (van
den Bogaart et al., 2010) is important in this route for the fusion
of vesicular systems and the ubiquitin-regulated ESCRT
complexes to generate vesicles inside the MVB. Receptor recy-
cling occurs through the slow (t1/2 z20 min through RAB8 and
RAB11) and fast (t1/2z5 min through RAB4) recycling pathways
for clathrin-mediated endocytosis (Sorkin et al., 1991). The G
protein ARF6 is responsible for recycling of nonclathrin-medi-
ated endocytosed receptors. For more detail on the workings
of the endocytic machinery, we refer the reader to some recent
excellent reviews (Miaczynska et al., 2004; Scita and Di Fiore,
2010; Sorkin and von Zastrow, 2009) and the references therein.
Recycling of activated receptors through the endocytic
machinery constitutes a simple mechanism to reset the state
of the plasma membrane in order to allow further stimuli after
a refractory period. The endocytic system effectively regulates
the response properties of the plasma membrane as a signaling
entity by controlling the availability of receptors at the cell
surface. As we have already discussed, the concentration of
receptors in the plasma membrane can change the qualitative
behavior of the signaling response, as shown for COS7 cells in
which lateral propagation of EGF local activation was only
possible upon EGFR overexpression. However, in this work, it
was also shown that the same result could be achieved by block-
ing endocytosis, which augments the poststimulus concentra-
tion of receptors in the plasma membrane (Sawano et al.,
2002). In the case of the PDGFb receptor, which is usually not
recycled but degraded, recycling can be induced by the loss of
T cell PTP activity. This results in an enrichment of the phosphor-
ylated receptor and an increase in PLCg activity at the plasma
membrane that stimulates cell migration (Karlsson et al., 2006).
Both examples show that receptor recycling can change the
response of the cell by altering the qualitative behavior of the
ensemble of receptors at the plasma membrane in response to
a stimulus. However, continuous endosomal cycling may also
play a role in maintaining and propagating a signal. For example,
transforming growth factor (TGF)-b stimulation activates the
SMAD system, which is shuttled from cytosol to nucleus and
back (Inman et al., 2002). It was shown that, by cycling, the signal
transducers continuously monitor receptor activity. In a similarfashion, endosomes act as a constitutive sensing mechanism
that could relay information between the plasma membrane
and cytosol.
Another key aspect of the endocytic system is that it generates
a mobile local cytoplasmic state by moving the signaling source
through the inactivating cytoplasm. The concept of signaling en-
dosomes as entities in which selective and regulated RTK signal
transduction occurs was first described in the mid-1990s (Baass
et al., 1995; Grimes et al., 1996). Functional microscopy experi-
ments provided further evidence that cytosolic signaling proteins
are recruited by activated receptors in endosomes, strength-
ening the idea that endosomes are not just a path to degradation
and recycling (Sorkin et al., 2000; Wouters and Bastiaens, 1999).
The endocytic machinery, positioned both temporally and phys-
ically between the plasma membrane and the lysosomal
compartment, thus provides a mechanism not only for signal
downregulation at the plasma membrane, but also for signal
propagation in the cytosol. Moreover, endosomes provide
a reaction platform on which protein assemblies can generate
new functionality, as has been shown for APPL. These proteins
are multifunctional adaptors and effectors of RAB5, which
localize to a subpopulation of early endosomes but are also
capable of nucleocytoplasmic shuttling. They have as many
cytoplasmic targets as they have nuclear targets (Rashid et al.,
2009; Schenck et al., 2008). APPL-harboring endosomes are
therefore an intermediate in signaling between the plasma
membrane and the nucleus (Rashid et al., 2009).
Endosomes also provide a more long-range transport signal,
as shown for TRKA in neurons (Cosker et al., 2008; Ehlers
et al., 1995). Motor proteins such as dyneins can transport
endosomes along microtubule tracts, allowing for rapid signal
propagation into the cytoplasm. Kinesins can effectively trans-
port vesicles back to the plasma membrane. For example,
NGF-activated TRKA-containing endosomes contribute to retro-
grade transport of survival signals from the tip of the axon to the
soma of the neuron. This type of signal transport is of special
relevance to cells that have extended cytoplasmic structures
like neurons, where growth cone signals have to travel over milli-
meter lengths in order to reach the cell soma. This would take
days if mediated by passive diffusion alone (Howe, 2005).
The geometrical properties of endosomes, such as their
reduced size and closed surface, also facilitate signal amplifica-
tion. The elevated ligand concentration in the endosomal lumen
makes full activation of contained receptors possible. In a similar
way to membrane domains in the plasma membrane that are
contained by the cytoskeleton, their reduced size increases the
chance of amplifying growth factor signals in encounter-driven
activation processes. In such processes, a higher chance of
second encounters compensates for the fact that not all encoun-
ters lead to activation. This effect is especially significant in
receptors that must undergo multiple activation steps to attain
full kinase activity (Lemmon and Schlessinger, 2010) and leads
to faster activation of these receptor populations (Figure 3).
Examples of such RTKs are the insulin and IGF1 receptors.
Endosomes can also be an effective way to deliver hydrogen
peroxide gradients deep inside of the cell to enhance local
signaling in the cytoplasm around them. Here, a gradient that
is generated proximal to the plasma membrane is transportedCell 144, March 18, 2011 ª2011 Elsevier Inc. 903
Figure 3. Constraining Receptor Diffusion Accelerates Activation
(A) Example of Brownian motion simulations for a receptor with a single (top) or
double (bottom) step activation mechanism. A plot shows the time evolution (x
axis) for 20 receptors (y axis) for a particular realization of the simulation in
which a single receptor is activated at time 0. The receptor state is color coded.
Three key frames depicting the receptor’s trajectory for highlighted particles
are shown.
(B) Average (solid line) evolution of the fraction of receptor in each state for 100
realizations of the simulation. The standard error of the mean is indicated
(dashed lines). t1 and t2 indicate the times at which the activated population
reaches 50%.
(C) The simulation was repeated for different domain sizes and numbers of
particles. The difference between t2 and t1 is reduced as the size of the domain
is reduced.
904 Cell 144, March 18, 2011 ª2011 Elsevier Inc.with the endosome (Oakley et al., 2009). For example, RAC-
mediated NOX association with IL-1 and subsequent internaliza-
tion in endosomes result in superoxide production and conver-
sion to hydrogen peroxide in the lumen of the endosome
(Li et al., 2006). The diffusion of hydrogen peroxide out of the
lumen of the endosome to the surrounding cytosol results in effi-
cient coupling to its targets in the cytoplasm. At the plasma
membrane, this coupling is less efficient, as half of the hydrogen
peroxide is lost to the extracellular milieu.
The aforementioned examples show how endocytosis modu-
lates signaling, but the inverse is also true. For example, the
routing and timing of receptors in the endosomal system are
regulated by cargo-mediatedGprotein signaling,mostly through
RAB family G proteins. An example is the early-to-late endoso-
mal conversion characterized by the RAB5-RAB7 switch (Spang,
2009). The timing of this switch involves coordination of two
opposing behaviors: a fast positive and a slow negative feed-
back loop. In the early endosome, the recruitment of RAB5 by
its GEF (RABX5) initiates a positive feedback loop whereby
RAB5-GTP activates RABX5. Subsequent binding and activation
of RAB5 effector molecules such as the phosphatidylinositol
3-kinase (PI3K) VPS34 result in the local synthesis of phosphati-
dylinositol 3-phosphate (PI3P). On the one hand, the accumula-
tion of PI3P recruits SAND-1, which displaces RABX5 and
thereby disrupts the RAB5-RABX5 positive feedback loop (Del
Conte-Zerial et al., 2008; Poteryaev et al., 2010). On the other
hand, it has been shown that the SAND-1 yeast homolog
MON1p interacts with the HOPS complex. A subunit of this
complex, VPS39p acts as a GEF for yeast RAB7 and therefore
activates it (Bohdanowicz and Grinstein, 2010). In essence, this
system behaves like a transistor in gain amplification mode
wherein the cargo-mediated activation of PI3K (the signal)
generates the base current of PI3P that, upon accumulation, trig-
gers the RAB5-RAB7 switch (Vartak and Bastiaens, 2010). The
cargo therefore influences its own endocytic routing in a time-
dependent manner.
Just as the primordial plasma membrane provided a surface
within which reactions were facilitated through containment of
diffusion (Griffiths, 2007), the endocytic system does the same
for the cytosol of the eukaryotic cell. It also constitutes a shuttling
service, providing bidirectional communication between the
plasma membrane and the interior of the cell. Evolution has
thus tinkered with the endocytic machinery to generate informa-
tion-processing functions (Jacob, 1977). This tight coupling
between the membrane and signaling systems is becoming
increasingly important not only to our understanding of the func-
tion of both systems, but also to our ability to steer them away
from pathological behaviors.
Signal Propagation between Membrane Compartments
In the previous section, we discussed how the endocytic
machinery transports the reactive properties of the plasma
membrane into the cytoplasm to propagate signals. We now
discuss the spatial organization of the small G protein RAS as
an example of a mechanism that transports the reactive proper-
ties of the plasma membrane to another membrane compart-
ment within the cytoplasm. Here, the association between the
signal carrier and membranes is achieved through the addition
Figure 4. Localization of RAS through the
Acylation Cycle
(A) To create a full three-dimensional (3D) simula-
tion of the reaction-diffusion system that underlies
the acylation cycle, a 3D stack of confocal images
(left) is registered to identify three compartments
(right): plasma membrane (white), cytosol/endo-
plasmic reticulum (gray), and Golgi (red).
Computer simulations were performed with
a cellular automaton approach to reflect: palmi-
toylated versus unpalmitoylated RAS; localized
PAT-activity at the Golgi; ubiquitous thioesterase
activity; unidirectional transport of palmitoylated
species from Golgi to the plasma membrane; high
inter- and intracompartmental mobility of un-
palmitoylated versus low mobility of palmitoylated
species.
(B) Localization of the two species of palmitoy-
lated (green) versus unpalmitoylated RAS (red) in
presence of ubiquitous thioesterase activity (top
row) and blocking thioesterase activity (bottom
row) shown as an overlay of both species colored
according to the 2D color map (right), wherein
white denotes oversaturation of palmitoylated
RAS (otherwise green). Starting from the initial
condition of 100% unpalmitoylated RAS (left), the
distribution of palmitoylation evolves toward
enrichment of palmitoylated RAS at the plasma
membrane and Golgi (upper-right) versus unspe-
cific distribution over all membranes in case of
thioesterase inhibition (lower-right).of lipid anchors to the protein. Such lipid modifications are
required for the membrane targeting of many proteins and for
the enrichment of target proteins in specific microdomains on
organelles (Hancock, 2003; Resh, 1999).
Small G proteins exist in either a GTP-bound (activated) or
GDP-bound (inactivated) state within a catalytic GTPase cycle
operated through the intervention of guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins
(GAPs). The GTP-binding proteins of the RAS family, which are
involved in a wide range of signal transduction processes,
undergo various lipid modifications at the C terminus. The
H-RAS and N-RAS isoforms undergo two types of lipid modifica-
tion: an irreversible farnesylation at the cysteine residue of the
CAAX box, followed by reversible palmitoylation at specific
cysteine residues in the C-terminal hypervariable region (HVR).
This S-acylation is unique in that it is the only known reversible
lipid modification (Linder and Deschenes, 2003; Smotrys and
Linder, 2004). Farnesylation conveys a membrane affinity to
RAS but still allows high intercompartmental mobility. Additional
palmitoylation further increases its affinity tomembranes without
conferring specificity for any membrane compartment.
How then can spatial organization arise from these posttrans-
lational lipidations? Consider unpalmitoylated but farnesylated
RAS (Figure 4B, first column), which is distributed homogenously
amongmembrane compartments in the cell. Localizing palmitoyl
transferase (PAT) activity to the Golgi apparatus (Rocks et al.,
2005) enables this membrane compartment to trap newly palmi-
toylated RAS. This trapping occurs because palmitoylation
enhances the stability of the interaction of RAS with the
membrane, thereby slowing its diffusion (Silvius and l’Heureux,
1994). However, if this were the end of the story, all RAS mole-
cules would eventually be trapped at the Golgi and would thenslowly redistribute over all membranes to reach a homogeneous
equilibrium distribution. Before this can occur, the nonequilib-
rium state of RAS enrichment at the Golgi is transferred to the
plasma membrane via the secretory pathway (Choy et al.,
1999; Rocks et al., 2010). Away from the high PAT activity at
the Golgi, the palmitoyl group is removed by ubiquitous thioes-
terase activity. This depalmitoylated, farnesylated N/H-RAS
rapidly redistributes over all endomembranes, enhancing the
chance of re-encounter and trapping at the Golgi. Repeated
cycles of de/repalmitoylation together with Golgi trapping by pal-
mitoylation and the directionality of the secretory pathway thus
constitute a spatially organizing system that counters the
entropy-driven re-equilibration of lipidated RAS throughout the
membranes of the cell (Rocks et al., 2010; Rocks et al., 2005).
Simulation of this reaction-diffusion system using realistic
reaction and diffusion parameters shows that our intuition that
the proposed dynamic mechanism can generate the observed
asymmetric spatial organization of RAS is correct (Figure 4).
We can also predict that any interference with the dynamics of
the acylation cycle will cause RAS to lose its specific localization,
irrespective of its lipidation state (Figure 4B, lower row). This
insight leads to a counterintuitive target for affecting RAS local-
ization and thereby its signaling capacity: thioesterase activity.
Palmostatin-B, an inhibitor of the cellular thioesterase APT1,
has indeed been shown to cause fully palmitoylated RAS to
redistribute more equally between membrane compartments
and thereby lower oncogenic H-RAS-G12V signaling activity
(Dekker et al., 2010).
Let us now consider how the spatial organization of RAS
affects information processing and transfer across membrane
compartments. G proteins are active in the GTP-bound form
because it is in this state that they can interact with effectors.Cell 144, March 18, 2011 ª2011 Elsevier Inc. 905
The GTP binding state of RAS is almost exclusively determined
by the relative local abundance of GEFs and GAPs and has no
influence on the acylation cycle that regulates its spatial organi-
zation. By differentially localizing GAPs and GEFs to specific
membrane compartments, a local RAS activity state can there-
fore be generated. For example, upon binding of ligand to
RTKs at the plasma membrane, an increase in GEF activity
increases the local concentration of active GTP-RAS. The Son
of Sevenless (SOS) canonical RAS-GEF not only interacts with
activated phosphorylated receptors through binding adaptor
proteins, such as GRB2 (Innocenti et al., 2002; Jang et al.,
2010), but also contains an allosteric site that increases its
activity upon RAS-GTP-binding (Freedman et al., 2006). In solu-
tion, only low-affinity-binding of SOS to Ras-GTP is observed.
Within the cell, however, the effective concentration of SOS is
enhanced by its sequestration within the two-dimensional
plasma membrane, where RAS is also enriched. This reduction
in dimensionality increases the effective concentration of both
SOS and RAS and hence facilitates activation of the system
through positive feedback.
RAS activation is countered by increasing RAS-GAP concen-
trations at the plasma membrane. A slower or delayed increase
in RAS-GAP concentration thus generates a pulse of RAS
activity at the plasma membrane (Augsten et al., 2006). Subse-
quently, this membrane-proximal activation pulse is subjected
to the acylation cycle, transforming the spatial organization of
RAS into a temporal response spanning the cell. The acylation
cycle can therefore be considered as a carrier wave that links
the intracellular membrane compartments and is modulated
by the state of the plasma membrane. It was recently shown
that the Golgi lacks RAS-specific GEF/GAP activity in certain
cells and appears to act as a passive receiver of the RAS signal
from the plasma membrane (Lorentzen et al., 2010). In this case,
a diffusion-broadened echo of the original pulse of RAS activity is
observed at the Golgi. The plasma membrane, because of its
high degree of GEF/GAP regulation, is, in contrast, effectively
decoupled from the activity of RAS at the Golgi.
The endoplasmic reticulum (ER), however, acting as a platform
for fast trafficking of depalmitoylated RAS between the PM and
the Golgi, offers a stage for further regulation of RAS activity
before it becomes trapped at the Golgi. Indeed, growth factor-
induced upregulation of GEF activity at the ER, either by removal
of GAPs or increase of GEFs, causes sustained RAS activity at
the Golgi (Lorentzen et al., 2010). This system is capable of
generating a biphasic response at the Golgi: a broadened echo
from the plasma membrane pulse convoluted with sustained
activity from the ER. Given that there are now many known
examples of signaling networks in which the gene expression
machinery is sensitive to the temporal properties of upstream
signals, the capacity to transfer reaction properties across
membrane surfaces is likely to have a fundamental impact on
the regulation of cellular state (Goentoro et al., 2009; Kholodenko
and Kolch, 2008; Murphy et al., 2004).
This is especially important when considering cell fate in the
presence of oncogenic, constitutively active forms of RAS that
‘‘short-circuit’’ the above signaling network into constant
activity. Modulating the localization of such signaling molecules
can be a means of restoring the switching functionality of those906 Cell 144, March 18, 2011 ª2011 Elsevier Inc.networks, in effect giving the cell back its decision-making
capacity. For example, the epithelial cell line MDCK-f3, which
expresses oncogenic H-RAS-G12V, has undergone epithelial-
to-mesenchymal transition (Thiery et al., 2009), thereby losing
cell contact inhibition (Chen et al., 2011). This phenotype can
be reset to an overall cell shape and contact inhibition level of
that of untransformed cells by the thioesterase inhibitor palmos-
tatin-B (Dekker et al., 2010),which results in adecreasedconcen-
tration of oncogenic H-RAS-G12V at the plasma membrane and
Golgi.
Though this will reduce interactions between RAS and its
effectors such as RAF at the plasma membrane, effector activa-
tion is not the only point which needs to be considered. An onco-
genic RAS mutation encoded at a single allele has the potential
to activate wild-type RAS (encoded by the other allele) via the
SOS feedback system described above in a dose-dependent
manner. If the dose of oncogenic RAS at the plasma membrane
is sufficiently low, the system can still respond to growth factor
binding to cognate receptors through wild-type RAS. The onco-
genic RAS generates an offset in the downstream signaling
amplitude (for example in activated ERK) that is filtered out by
the fold change detection mechanism in the gene expression
machinery (Goentoro et al., 2009). However, if the dose of onco-
genic RAS at the plasma membrane is high enough to overcome
a threshold to activate wild-type RAS by the SOS feedback loop,
all RAS in the cell is activated and can no longer switch in
response to extracellular stimulation. Lowering the amount of
palmitoylatable RAS proximal to the plasma membrane by
thioesterase inhibition using palmostatin-B thus reduces the
effective dose of oncogenic RAS at the plasmamembrane below
the threshold that is needed to trigger SOS feedback. This
effectively inactivates the wild-type RAS population, such that
it can respond again to growth factor activation by nucleotide
exchange and therefore reacquire its decision-making capacity.
Perspectives
The living plasma membrane and its extension inside of the cell
as endocytic vesicles constitute a system to receive, integrate,
and distribute external and internal signals. True understanding
of the living plasma membrane and its intricate connection to
signaling requires novel experimental and theoretical methods
that can take full account of the spatiotemporal asymmetries
and confinement of its components, both of which provide the
cell with its unique ability to regulate signal propagation.
Bottom-up approaches such as the generation of reconsti-
tuted living membranes that mimic the dynamics of biological
systems will be indispensable to move away from equilibrium
biophysics. Here, the molecular machinery for membrane fusion
and fission needs to be introduced in reconstituted membrane
systems (Wollert andHurley, 2010) tomimic the effects of vesicle
transport dynamics on the information processing ability of
a membrane. Moreover, the introduction of an endomembrane
system in prokaryotes together with further research into bacte-
rial organisms with an endocytic machinery (Lonhienne et al.,
2010) will provide insight into the development of cell compart-
mentalization and its effect on signal processing.
Top-down approaches such as spatiotemporal monitoring of
the endocytic system in eukaryotes will be vital to understand
signal integration. The importance of different modes of spatial
propagation in signaling is now clear. However, more and better
genetically encoded fluorescent protein biosensors that report
on the local activity of proteins need to be developed in order
for us to better verify our hypotheses. This should go hand in
hand with the further development of new functional imaging
approaches such as fluorescence correlation spectroscopy,
with sufficient spatial resolution to take advantage of the full
potential of these biosensors (Maeder et al., 2007). Experimental
approaches also need to be complemented by computational
models and simulations not only to accurately interpret the
experimental results, but also to place them in a correct spatio-
temporal frame. We have taken as an example the properties
arising from localization-dependent interaction in a realistic
experimentally acquired cellular geometry. Such models can
be expected to show emergent and often counterintuitive behav-
iors that are not readily understood.
The convergence of bottom-up and top-down experimental
approaches, together with computational models and simula-
tions that feed back into the experimental design, will eventually
allow us to move away from a static picture of the plasma
membrane to a movie, featuring a dynamic and living entity
that generates shapes and makes decisions.REFERENCES
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